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(57) ABSTRACT

The present invention discloses a method for extracting AIF
and an application thereof to DCE-MRI. The method com-
prises steps: contacting a target tissue with a contrast agent to
obtain a plurality of images; using the plurality of images to
work out the tissue concentration curve of the contrast agent
in each voxel; calculating the purity of the tissue concentra-
tion curve of each voxel according to the tissue concentration
curves; and extracting the voxel having the highest purity as
the optimized arterial location; and extracting the tissue con-
centration curve of the voxel having the highest purity as the
arterial input function. The extracted AIF is applied to a
pharmacokinetic model to obtain associated pharmacokinetic
parameters. The present invention not only improves the
accuracy and reliability of the derived quantitative indexes
but also promotes the efficiency of the quantitative analysis.
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1
METHOD FOR EXTRACTING ARTERIAL
INPUT FUNCTION AND APPLICATION
THEREOF TO DYNAMIC CONTRAST
ENHANCED MAGNETIC RESONANCE
IMAGING

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method for extracting an
arterial input function from dynamic medical imaging data,
particularly to a method using a blind source separation algo-
rithm to automatically extract an arterial input function clos-
est to the ground-true arterial input function and the applica-
tion thereof to dynamic contrast enhanced magnetic
resonance imaging.

2. Description of the Related Art

Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) is a non-invasive imaging tool for estimation of
tissue physiological parameters, such as perfusion, capillary
permeability, and the volume of extravascular-extracellular
space. The conventional practice of DCE-MRI includes
acquiring imaging immediately after contrast agent injection
and using a pharmacokinetic model to quantitatively work out
some indexes, such as the transfer rate constant (K““**) from
the intravascular system to the extravascular extracellular
space (EES) or vice versa, the distribution volume (Ve) of the
contrast agent in EES and the capillary plasma volume (Vp)
of the contrast agent in EES, which are very useful in diag-
nosis and therapeutic estimation of vessel-related diseases,
such as tumors and apoplexies.

The pharmacokinetic model requires the knowledge of the
arterial input function (AIF). The accuracy of the derived
kinetic parameters largely depends on AIF. However, there is
still lacking a settled standard to obtain AIF for DCE-MRI.
ATF is obtained via manual selection traditionally. However,
manual selection is operator-dependent and apparently sub-
jective. Further, the results estimated therefrom are suscep-
tible to the partial volume effect outside the selected region.
Parker et al. developed a population-averaged AIF, which is
simple and convenient for clinical use. However it neglects
individual variation in AIF and may output inaccurate esti-
mation of quantitative parameters. (Refer to Parker G I, Rob-
erts C, Macdonald A, Buonaccorsi G A, Cheung S, Buckley D
L, Jackson A, Watson Y, Davies K, Jayson G C. Experimen-
tally-derived functional form for a population-averaged high-
temporal-resolution arterial input function for dynamic con-
trast-enhanced MRI. Magn Reson Med 2006; 56(5): 993-
1000.) The reference region approach extracts the AIF by
comparing the measured data in healthy tissues with the lit-
erature values. It is limited by the requirement of a well-
characterized normal tissue within the FOV (Field Of View)
and thus still has some problems to overcome.

Accordingly, the present invention proposes a method for
extracting AIF and an application thereof to DCE-MRI to
overcome the conventional problems and reduce the estima-
tion error caused by the uncertainty of the conventional AIF
extraction methods.

SUMMARY OF THE INVENTION

The primary objective of the present invention is to provide
a method for extracting AIF and an application thereof to
DCE-MRI, wherein a blind source separation (BSS) algo-
rithm calculates the purities of voxels from the captured con-
tinuous imaging data to extract AIF by selecting the voxel
time course with the highest purity, whereby the extracted
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ATF is closest to the true AIF, and whereby are increased the
accuracies of the deduced quantitative indexes.

Another objective of the present invention is to provide a
DCE-MRI method, which extracts the AIF closest to the truth
from the imaging data to promote the efficiency of quantita-
tive analysis of DCE-MRI and increase the reliability of the
deduced indexes.

To achieve the abovementioned objectives, the present
invention proposes a method for extracting AIF, which com-
prises steps: contacting a target tissue with a contrast agent to
obtain plurality of images; using the plurality of images to
work out the time intensity curve of the contrast agent in each
voxel; calculating the purity of the time intensity curve of
each voxel according to the time intensity curves; and extract-
ing the time intensity curve of the voxel having the highest
purity as the arterial input function.

The abovementioned plurality of images are obtained via
MRI (Magnetic Resonance Imaging), CT (Computed
Tomography), or PET (Positron Emission Tomography).

The present invention also proposes a DCE-MRI method,
which comprises steps: contacting a target tissue with a con-
trast agent to obtain a plurality of images of MRI; using the
plurality of images to work out the tissue concentration curve
of the contrast agent in each voxel; calculating the purity of
the tissue concentration curve of each voxel according to the
tissue concentration curves; extracting the tissue concentra-
tion curve of the voxel having the highest purity as the arterial
input function (AIF); applying the extracted AIF to a phar-
macokinetic model to generate pharmacokinetic parameters
for diagnosing vessel-related diseases or calculating the
therapeutic effects of the vessel-related diseases.

The abovementioned pharmacokinetic parameters include
the transfer rate constant (K”“*) from the intravascular sys-
tem to the extravascular extracellular space (EES) or vice
versa, the distribution volume (Ve) of the contrast agent in
EES and the capillary plasma volume (Vp) of the contrast
agent in EES. The abovementioned pharmacokinetic param-
eters may further include the cerebral blood flow (CBF), the
cerebral blood volume (CBV), and the mean transit time
(MTT).

Below, embodiments are described in detail in cooperation
with the attached drawings to make easily understood the
objectives, technical contents, characteristics and accom-
plishments of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a flowchart of a method for extracting AIF
according to one embodiment of the present invention;

FIG. 2 shows a flowchart of DCE-MRI according to one
embodiment of the present invention;

FIG. 3 shows a flowchart of DCE-MRI according to
another embodiment of the present invention;

FIGS. 4(a)-4(f) respectively show the distribution shapes
of'the AIF by the method of the present invention and the AIFs
selected manually;

FIGS. 5(a)-5(c) respectively show the simulations of AIFs
by varying kinetic parameters of the tissue time courses and
the purities of the AlFs;

FIG. 6 shows the influence of the purity of AIF on RMSE
between the ground-truth AIF and the tissue concentration
curves with various purities; and

FIGS. 7(a)-7(c) show the influence of the purity of AIF on
the calculated parameters.

DETAILED DESCRIPTION OF THE INVENTION

In performing calculation of DCE-MRI, the adopted AIF
would influence the quantitative parameters deduced through
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a mathematical model of pharmacokinetics. The present
invention uses a BSS (Blind Source Separation) algorithm to
work out the purity of each voxel from the imaging data
generated in DCE-MRI. Then, the present invention auto-
matically searches for the voxel having the highest purity as
the optimized AIF. Thereby, the present invention can derive
more accurate quantitative parameters from the pharmacoki-
netic model, i.e. the pharmacokinetic parameters.

Refer to FIG. 1 showing a flowchart of a method for
extracting AIF according to one embodiment of the present
invention. The method of the present invention comprises
Steps S10, S12, S14 and S16. In Step S10, inject or perfuse a
contrast agent into a target tissue, and use MRI, CT, or PET to
obtain a plurality of images. In Step S12, use the plurality of
images, which are obtained while the blood carrying the
contrast agent flows into and flows out from the target tissue,
to acquire the time course curve of the tissue concentration of
the contrast agent in each voxel, i.e. the time intensity curve,
from the 3D data set of the concentration of the contrast agent
in the target tissue. In Step S14, automatically use the time
intensity curves to calculate the purity corresponding to the
time intensity curve of each voxel in the 3D data set of the
target tissue. The higher the purity, the less the partial volume

effect. In Step S16, select the voxel having the highest purity 25

as the optimized arterial location, and automatically extract
the time intensity curve of the voxel as AIF. Therefore, the
present invention can obtain the optimized AIF theoretically.

In one embodiment, the plurality of images are obtained
via MRI. Refer to FIG. 2 showing a flowchart of DCE-MRI
according to one embodiment of the present invention. In
Step S18, apply the extracted AIF to a pharmacokinetic
model, and use the AIF and the voxels corresponding to the
time function to generate pharmacokinetic parameters. The
pharmacokinetics correlates with the type of MRI. If MRI is
the Tl-weighted MRI, the pharmacokinetic parameters
include the transfer rate constant (K““**) from the intravas-
cular system to the extravascular extracellular space (EES) or
vice versa, the distribution volume (Ve) of the contrast agent
in EES and the capillary plasma volume (Vp) of the contrast
agent in EES. If MRI is the T2-weighted DSC-MRI (Dy-
namic Susceptibility Contrast MRI), the pharmacokinetic
parameters include the cerebral blood flow (CBF), the cere-
bral blood volume (CBV), and the mean transit time (MTT).
The obtained pharmacokinetic parameters can be used to
diagnose vessel-related diseases or estimate the therapeutic
effects of the vessel-related diseases, such as such as tumors
and apoplexies.

If the plurality of images are obtained via PET, the phar-
macokinetic parameters include the cerebral blood flow
(CBF) and the cerebral oxygen metabolism rate (CMRO2).

The abovementioned embodiments are the fundamental
processes of the present invention. Refer to FIG. 3. In one
embodiment, after Step S18 is further undertaken Step S20,
which is a step of using the extracted AIF to generate para-
metric maps of pharmacokinetics, wherein the number of the
voxels of the generated parametric maps are further modified
with the pharmacokinetic parameters generated in Step S18.
The other steps of this embodiment will not repeat herein
because they are the same as the steps of the embodiment
shown in FIG. 2.

The steps of the method of the present invention have been
described above. Below, a set of equations are used to verify
the present invention and prove the practicability thereof.

Herein, the plurality of T1-weighted DCE-MRI is used to
demonstrate the present invention in detail. Firstly, the rela-
tionship between AIF and the pharmacokinetic parameters is

4

described below. The time-dependent tracer (contrast agent)
concentration variation in the voxels of the target tissue is
expressed by Equation [1]:

k ]
Ciln) = K’""“Z ArC (1) X expl—kep (i — 1)1 + Vp Cpt)

n=1

k=1,... , K,

10

wherein C,(t,) is the tracer concentration in the blood plasma,
e.g. the AIF; C(t,) is the tracer concentration in the tissue,

15 K”** is the transfer rate constant from the intravascular sys-
tem to the extravascular extracellular space (EES);

20

is the transfer rate constant from EES to the intravascular
system; V,, is the capillary plasma volume of the contrast
agent in EES (per unit volume of tissue); V, is the distribution
volume of the contrast agent in EES (per unit volume of
tissue); At is the temporal resolution; K is the total number of

DCE-MRI image time series.

30 Lo . .
The notation is introduced to generalize Equation [1] for

different voxels; for instance, C,(t,,1) is the tracer concentra-
tion for timet, and voxel i, and K”**(i), k (i), V () and V ,(i)
are the associated kinetic parameters for the voxel i. Note that
the arterial input function C,(t,) is independent of the voxel
location. By collecting all the C(t,,1) . . . C(tg,1) into a Kx1
vector and by letting [[c,=[C]],(t,), - - ., Cp(tK)]T, the con-
centration time course from a voxel of interest can be given by
40 Equation [2]:

35

Cilty, ) 2]
x(f) = = Alkep (D), cp)s(i).
4 Cilek. D
. . \‘ Kiranx(l-)J
wherein s(i) = -
V(D)
50

is a vector comprising the associated non-negative kinetic
parameters, and

55

AICy(11) Cpln)
2
D AIC, () Xexpl—kep(D2 = 1)) Cpla)
Atk )= |
60 <
D AICy () X expl—kep (Dix = 1] Cplik)
n=1
6s  Supposethat AIF (c,) can be further calculated more accu-

rately. Then, for the kinetic parameters k,,(1), K""*(i), V,,(i)
with respect to all i’s, the fitting problem ofthe non-negativity
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constrained curve in Equation [2] can be solved via the least
squares method described by Equation [3]:

‘ ) A 25Ol
D) = Al (0 2,)5(0

wherein ¢, denotes the calculated AIF, ||*||, the 2-norm opera-
tor, and = component-wise inequality.

The relationship between AIF and kinetic parameters has
been demonstrated above. Next, the present invention uses
the BSS (Blind Source Separation) algorithm to automati-
cally search for the voxel having the highest purity as the
optimized AIF from a series of T1-weighted DCE-MRI data
and identify the AIF as c,,. The purity of each voxel is defined
by Equation [4]:

PR L0
IR,

wherein |||, is the 1-norm operator.

The purity measure p, is a reflection of the contribution
fromc,, to x(i). The increased purity measure can be related to
an increased contribution from ¢, in x(i). It can also be related
to a reduced extent of partial volume contamination. AIF can
be identified from the voxels x(i) via searching for a voxel
whose purity measure is the maximum one, as shown in
Equation [5]:

&,=x(i*) [5]
wherein i*=arg, max p,. The selected voxel x(i*) corresponds
to the voxel time course with minimal partial volume con-
tamination and thus can be regarded as an AIF calculate. After
the highest-purity AIF is obtained, Equations [1], [2] and [3]
are used to work out pharmacokinetic parameters more defi-
nite and closer to the truth.

Refer to FIGS. 4(a)-4(f) respectively showing the distribu-
tion shapes of the AIF by the method of the present invention
and the AIFs selected manually. FIG. 4(a) shows the distri-
bution shape of the AIF obtained by the method of the present
invention. FIGS. 4(b)-4(f) are the distribution shapes of the
AlFs selected manually. From the above-mentioned distribu-
tion shapes, the facts are learned that the AIF by the method of
the present invention has a pretty high purity and that the AIFs
selected manually have relatively lower purities. The reduced
purities of manually selected AlIFs could be attributed to a
decreased height of the peak (FIG. 45), an elevated baseline of
the curve (FIG. 4¢), a broadening width in the first pass (FI1G.
4d, F1G. 4e) or a drift of the returned baseline (FIG. 4f). Refer
to FIGS. 5(a)-5(c) respectively showing the simulations of
AlFs by varying kinetic parameters of the tissue time courses
and the purities of the AlFs. FIG. 5(a) shows the curve
obtained via varying V,, with V,=0.3 and K”***=0.1. FIG.
5(b) shows the curve obtained viavarying V, with V,=0.3 and
K7**=0.1. FIG. 5(c) shows the curve obtained via varying
K7 with V,=0.3 and V,=0.3. Thus, it is known that the
pharmacokinetic parameters of the tissue could influence the
tissue concentration curves and the calculated purities. The
tracer concentration curve with a higher purity has a pointer
shape. In other words, it is closer to an ideal impulse function.

Below are introduced computer simulations to prove that
the AIF extracted by the present invention is closest to the
ground-true AIF. Simulations are based on an assumption that
a heterogeneous tissue has various concentration curves. The
purity of each voxel is calculated. The ground-truth AIF is
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generated by using the modified population average AIF
(Yang, Karczmar, et al. 2007). Next, a Monte-Carlo simula-
tion is performed by using Equation [2] to create 100 tissue
concentration curves x(i) with K”“*(i) uniformly distributed
between [0, 2.2] (min~"), V(i) [0, 1], and V(1) [0, 1] respec-
tively. The influence of purity level to the errors between the
BSS-AIF and true-AlF is calculated as follows: thirty tissue
concentration curves x(i) are randomly selected as the calcu-
lated AIFs whose purities vary from 0.104 to 0.296; the root-
mean-square-error (RMSE) between the tissue concentration
curve and the ground-truth AIF c,, is measured. The results are
shown in FIG. 6. The higher the purity, the smaller the RMSE.

Next are calculated the influences of the purity of the
calculated AIF on the derived kinetic parameters. The results
are shown in FIGS. 7(a)-7(c). FIG. 7(a) shows the influence
of the purity of the calculated AIF to the calculated K",
wherein K7 is in a logarithmic scale. FIG. 7(b) shows the
influence of the purity of the calculated AIF to the calculated
V,, wherein V, is in a linear scale. FIG. 7(¢) shows the influ-
ence of the purity of the calculated AIF to the calculated V,
wherein V,, is in a linear scale. The results show that a voxel
having a lower purity causes underestimation of K““** and 'V,
and overestimation of V.

In conclusion, the present invention uses the BSS algo-
rithm to calculate the purities of voxels and automatically
search for the voxel having the highest purity as the extracted
AITF, which is closest to the ground-true AIF, whereby is
improved the accuracy of the deduction of the quantitative
indexes (pharmacokinetic parameters), and whereby is
increased the efficiency of the quantitative analysis of DCE-
MRI, and whereby is promoted the reliability of the derived
indexes.

The embodiments described above are to demonstrate the
technical thought and characteristics of the present invention
to enable the persons skilled in the art to understand, make,
and use the present invention. However, they are not intended
to limit the scope of the present invention. Any equivalent
modification or variation according to the spirit of the present
invention is to be also included within the scope of the present
invention.

What is claimed is:
1. A method for extracting an arterial input function, com-
prising steps:

Step (a): contacting a target tissue with a contrast agent to
obtain a plurality of images;

Step (b): using said plurality of images to work out a time
intensity curve of said contrast agent in each voxel;

Step (c): using said time intensity curve to calculate a
purity of said time intensity curve of each voxel; and

Step (d): selecting said time intensity curve of a voxel
having the highest purity in step (c) as an arterial input
function,

wherein calculating said purity (p) of said time intensity
curve of each voxel by

,_ ol
[EC]

wherein ||*, is the 1-norm operator, ||¥|, is the 2-norm opera-
tor, and x(i) is the voxel.

2. The method for extracting an arterial input function
according to claim 1, wherein said plurality of images are
obtained via MRI (Magnetic Resonance Imaging).
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3. The method for extracting an arterial input function
according to claim 1, wherein said plurality of images are
obtained via CT (Computed Tomography).

4. The method for extracting an arterial input function
according to claim 3, wherein pharmacokinetic parameters
derived from said time intensity images include cerebral
blood flow (CBF), cerebral blood volume (CBV), and mean
transit time (MTT).

5. The method for extracting an arterial input function
according to claim 1, wherein said plurality of images are
obtained via PET (Positron Emission Tomography).

6. The method for extracting an arterial input function
according to claim 5, wherein pharmacokinetic parameters
derived from said time intensity images include cerebral
blood flow (CBF) and cerebral oxygen metabolism rate
(CMRO2).

7. A method for dynamic contrast enhanced magnetic reso-

nance imaging, comprising steps:

Step (a): contacting a target tissue with a contrast agent to
obtain a plurality of images of magnetic resonance
imaging;

Step (b): using said plurality of images to work out a tissue
concentration curve of said contrast agent in each voxel;

Step (¢): using said tissue concentration curve to calculate
apurity of said tissue concentration curve of each voxel;

Step (d): extracting said tissue concentration curve of a
voxel having the highest purity in step (¢) as an arterial
input function; and

Step (e): applying said arterial input function extracted in
Step (d) to a pharmacokinetic model to generate phar-
macokinetic parameters,

wherein calculating said purity (p) of said tissue concen-
tration curve of each voxel by
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wherein ||*|; is the 1-norm operator, ||*||, is the 2-norm opera-
tor, and x(i) is the voxel.

8. The method for dynamic contrast enhanced magnetic
resonance imaging according to claim 7, wherein said tissue
concentration curve of said contrast agent is generated via
recording time-dependent variation of a concentration of said
contrast agent in each voxel of said plurality of images.

9. The method for dynamic contrast enhanced magnetic
resonance imaging according to claim 7, wherein said mag-
netic resonance imaging (MRI) is T1-weighted MRI or
T2-weighted DSC-MRI (Dynamic Susceptibility Contrast
MRD).

10. The method for dynamic contrast enhanced magnetic
resonance imaging according to claim 9, wherein said mag-
netic resonance imaging (MRI) is T1-weighted MRI, and
wherein said pharmacokinetic parameters include a transfer
rate constant from an intravascular system to an extravascular
extracellular space (EES), a distribution volume of said con-
trast agent in EES, and a capillary plasma volume of said
contrast agent in EES.

11. The method for dynamic contrast enhanced magnetic
resonance imaging according to claim 9, wherein said mag-
netic resonance imaging (MRI) is T2-weighted DSC-MRI,
and wherein said pharmacokinetic parameters include cere-
bral blood flow (CBF), cerebral blood volume (CBV), and
mean transit time (MTT).

12. The method for dynamic contrast enhanced magnetic
resonance imaging according to claim 7 further comprising a
step of generating parametric maps of pharmacokinetics.

13. The method for dynamic contrast enhanced magnetic
resonance imaging according to claim 12, wherein said phar-
macokinetic parameters are calculated from said tissue con-
centration curve of each voxel and said arterial input function.

#* #* #* #* #*



